INTRODUCTION
Bacteria, algae, plants and fungi adapt to changes in their environments, and often utilise a sensor-response circuit known as a 'two-component signal transduction system' (TCS) to elicit physiological responses. TCSs are particularly diverse and widely distributed in bacteria. The simplest form of a TCS consists of just two proteins: a conserved sensor histidine kinase (component 1) and a response regulator (component 2).
A signal transduction cascade in bacteria usually begins at the cell membrane from where the signal propagates to the cytoplasm through the transmembrane domain of a sensor histidine kinase. The environmental cue is detected by the sensor domain located near the N-terminus of the histidine kinase polypeptide. Sensor histidine kinases also exist as soluble cytoplasmic proteins that perceive changes within the cell.
Functional forms of both membrane-anchored and soluble histidine kinases occur predominantly as homodimers that contain conserved dimerization and phosphotransfer (DHp) and catalytic and ATP-binding (CA) domains. A higher-order oligomeric state, the tetramer, is promoted by an intermolecular disulfide bond in the histidine kinases DcuS (dicarboxylate uptake sensor and regulator) (1), RegB (Regulator B) (2), AtoS (Sensor kinase controlling ornithine decarboxylase antizyme)
(3), and KdpD (Osmosensitive potassium channel sensor histidine kinase) (4).
Formation of the higher-order oligomer appears to silence their autophosphorylation.
In contrast, the well characterised soluble histidine kinases EnvZc (Core kinase domain of EnvZ) (5), VirAc (Virulence A) (6), and CheA (Chemotaxis histidine kinase A) (7) are reported to exist solely as inactive monomers or as active dimers.
An in vitro study with the CheA sensor kinase indicates that its oligomeric state is concentration-dependent. CheA exists at low protein concentrations predominately as an inactive monomer while the extent of its dimerization increases with increasing protein concentration (7) . Thus, CheA is likely to exist in vivo at equilibrium between its inactive monomeric and active dimeric forms, with its interaction with a ligand acting as a signal that shifts this equilibrium towards the active dimer. In contrast, the membrane-anchored sensor kinase DcuS from E. coli exists as monomer, dimer and tetramer both in vitro and in vivo (1) . The ArcB sensor kinase of E. coli contains two conserved redox-active cysteines that are regulated by the redox state of ubiquinone.
Oxidation of these cysteines leads to intermolecular disulfide bond formation between two monomers of ArcB, locking it into a tetrameric state inactive as a protein kinase (8, 9) . The RegB histidine kinase of purple photosynthetic bacteria is also converted from an active dimer to an inactive tetramer by oxidation of its conserved cysteine (2).
Histidine kinase 2 (Hik2) is one of the three fully conserved histidine kinases found in cyanobacteria (10). The closest Hik2 homologue in nearly all algae and higher plants is Chloroplast Sensor Kinase (CSK) (11). A recombinant cyanobacterial Hik2 protein undergoes autophosphorylation on its conserved histidine residue and transfers the phosphoryl group to response regulators Rre1 and RppA (12). Rre1 is also modulated by Hik34 in response to increased temperature (13).
In its unmodified state, Hik2 appears to be autokinase active, and treatment with Na + ions abolishes its autophosphorylation (12). The exact mechanism by which the activity of Hik2 is switched off by Na + ions is not yet clear. Here we determine the mechanism of Hik2 activation and inactivation using chemical crosslinking and size exclusion chromatography, together with direct visualisation of the kinase using negative-stain transmission electron microscopy of single particles. We show that Hik2 is present in multiple oligomeric states in vitro and that a signal such as Na + converts higher oligomers into the tetramer, thus inactivating it as the protein kinase that otherwise donates the phosphoryl group to its response regulators.
RESULTS

Distribution of Hik2 and domain architecture. Histidine kinases contain a
conserved kinase core domain and a variable sensor domain. The kinase core domain is essential for autokinase and phosphotransfer activities. The Hik2 homolog that is present in almost all cyanobacteria and plants contains a conserved kinase core domain consisting of DHp and CA together with a GAF sensor domain (11, 12). In three cyanobacterial species Hik2 is present as a truncated form without a GAF sensor domain (14). We have examined the domain architecture and distribution of Hik2 homologs in cyanobacteria and chloroplasts. Hik2 domain architecture revealed that there are two forms of the Hik2 proteins in cyanobacteria and chloroplasts. Here these forms are designated class I and class II ( Table 1 and Figure 1 ). Class I Hik2 proteins contain the full-length GAF domain as predicted with SMART database.
Class II Hik2 proteins are predicted to have no GAF domain. As shown in Table 1 Hik2 exists in higher-order oligomeric states. An earlier study has shown that sodium ions inhibit the autophosphorylation activity of full-length Hik2 (12). In order to elucidate its salt sensing mechanism, we investigated the oligomeric state of Hik2 in a buffer supplemented with or lacking NaCl. The oligomeric state of Hik2 was explored by size exclusion chromatography and chemical crosslinking with dithiobis(succinimidylpropionate) (DSP). These two techniques were chosen because size exclusion chromatography is most suited for stable protein-protein interactions, while DSP provides a more direct method of studying transient semi-stable proteinprotein interactions. DSP is a symmetric molecule with two reactive groups connected by a spacer arm that is 12 Å in length. Thus DSP can form amide bonds with amino groups of two polypeptides that are in close proximity, for example, between two monomers in a dimer or between two dimers in a tetramer. DSP links polypeptides that interact under physiological conditions and therefore has advantages for studying oligomeric states of semi-stable protein-protein interactions.
In order to determine whether the oligomeric state of Hik2 is dependent on DSP concentration, Hik2 proteins were incubated with different concentrations of the crosslinker DSP for 10 minutes at 23 ºC. Crosslinked products were then resolved on a non-reducing SDS-PAGE. Figure 3A , lane 2 shows that the untreated Hik2 protein migrated on a non-reducing SDS-PAGE with an apparent molecular weight of 50 kDa, corresponding to its monomeric form. Figure 3A , lanes 3-10 indicate that chemical crosslinking produced four distinct protein bands at apparent molecular weights corresponding approximately to multiples of 50 kDa. The first band at 50 kDa can be assigned to the monomer; a second band just above 190 kDa to a tetramer; and two further bands above 250 kDa to higher oligomers, possibly a hexameric and octameric form. Although increasing the concentration of DSP from 1 mM to 3 mM had no effect on the oligomeric state of Hik2 ( Figure 3A , lanes 2-4), increasing the concentration above 3 mM resulted in a decrease in both monomeric and higher-order oligomers ( Figure 3A , lane 3-12) and therefore only 2 mM of DSP was used in subsequent experiments.
It has been shown that dimerization of CheA is concentration dependent (7). We therefore examined whether the oligomeric state of Hik2 depends on its concentration.
Crosslinking was performed with differing concentrations of Hik2 proteins, ranging from 2 to 50 µM, while the concentration of DSP, incubation times, and temperature were kept constant. Equal quantities of crosslinked Hik2 proteins were then analysed with non-reducing SDS-PAGE. No correlation is observed between the apparent quantity of the monomeric state of Hik2 and protein concentration while the quantity of the tetramer appears to decrease and hexamer and octamer increased with increasing protein concentration ( Figure 3B ).
Monomer, tetramer, and hexamer forms of Hik2 are autokinase active and salt
converts the higher-order oligomers into a tetramer. In order to investigate the functional states of Hik2 oligomers, we carried out autophosphorylation of Hik2 before and after it was crosslinked. Figure 4A , lane 2, shows Hik2 protein that was allowed to autophosphorylate and then crosslinked with DSP. The result was phosphorylated monomeric, tetrameric, and higher order oligomeric forms. Figure 4A , lane 3, shows that Hik2 protein, which was first crosslinked and then subjected to the autophosphorylation assay, produced monomers, tetramers and higher oligomers relatively inactive in autophosphorylation. Thus crosslinking may lock the protein into an inactive state. Since the activity of Hik2 is suppressed by salt (12), we then investigated the effect of salt on the oligomeric state of Hik2. Figure 4B , lane 2, shows NaCl untreated and non-crosslinked Hik2 protein migrating as monomers, and in lane 3 NaCl untreated but crosslinked protein migrating as monomers, tetramers and higher-order oligomers as expected. Lane 4 shows Hik2 that was treated with NaCl first and then crosslinked. Addition of NaCl appears to have resulted in the conversion of the hexamers and octamers into tetramers. The proportion of the monomeric form is also decreased in figure 4B , lane 4 in the salt-treated sample.
NaCl converts the active hexamer form of Hik2 into a tetramer. On a Superdex 200 column calibrated with buffer lacking NaCl the full-length Synechocystis and
Thermosynechococcus and the truncated Thermosynechococcus Hik2 proteins eluted as hexamers with apparent molecular weights of 380 kDa, 260 kDa and 150 kDa, respectively ( Figure 5A , 5B and 5C, solid lines). In the presence of NaCl, the apparent molecular weight was shifted from 380 to 200 kDa for Synechocystis Hik2, from 260 to 200 for Thermosynechococcus Hik2, and from 150 to 100 for the truncated Thermosynechococcus Hik2, corresponding to tetrameric forms ( Figure 5A , 5B and 5C, broken lines). These results may be consistent with those obtained from crosslinking experiments ( Figure 4B ), provided that one assumes that contributions from tetramers to overlapping bands are difficult to resolve in the samples untreated with NaCl. Since the DHp domain of the histidine kinase is important for its dimerisation activity, we explored the role of the DHp domain in higher order oligomeric formation. Figure 5D shows that the DHp domain of Thermosynechococcus formed high order oligomers that may be octamers in buffer without NaCl, and that the 'octamers' converted to 'hexamers' upon treatment with NaCl. It may be concluded that the DHp domain is of central importance for the salt sensing activity of Hik2. The oligomeric states observed for the DHp domain are different from those seen for the full-length proteins, and it is possible that these are controlled by additional interactions involving other domains. It was noted that oligomeric states equivalent to the full-length proteins were only observed for the truncated Thermosynechococcus Hik2 (Thermo_Hik2T) form, thus it is possible the CA domain may play a role in defining the Hik2 oligomeric state.
Transmission electron microscopy (TEM) and single particle analysis of negatively stained Hik2. Five independent samples were negatively stained and imaged using a JEOL 1230 TEM equipped with a 2k Olympus Morada CCD camera system and those micrographs that displayed the highest quality (41 from a total of 201, see Methods) were carried forward for single particle image analysis. Figure 6 is a micrograph of a negatively stained Synechocystis Hik2 protein sample as observed by TEM at 80,000 × magnification and typical for those used in the single particle image-averaging analysis. The high contrast produced by the uranyl acetate stain allowed for the visual inspection of protein complexes. A variety of different sizes and orientations were observed. A dataset of 13,341 individual protein complex images was built and subjected to reference-free alignment and multivariate statistical classification using Imagic-5 software. The spread of oligomeric states, i.e. structural heterogeneity, may be appreciated particles were excluded leaving 11,371 particles that were classified into 100 class averages, or 'characteristic views' (Figure 8 and Table 2 ). Each row of Figure 9 depicts four of these characteristic views for each of the different oligomeric complex families assigned subjectively; monomers, dimers, trimers, double dimers or hexamers, and broken or ambiguous density, respectively. It cannot be ruled out that the oligomers shown in Figures 9B and 9C are double dimers (dimers of dimers) and
double trimers (trimers of dimers), respectively, viewed in projection. Similarly, it is possible that the oligomers shown in Figure 9C are double trimers or double tetramers (dimers of tetramers) viewed in side elevation.
DISCUSSION
It has been suggested that membrane bound and soluble histidine kinases are homodimeric in their functional forms (15-17) and that some histidine kinases interconvert between an inactive monomer and an active dimer (7). Although histidine kinases are also reported to exist in higher order oligomeric states, these states seem to be autokinase inactive. The exception is the hybrid histidine kinase ExsG, which has been shown to be active as a hexamer (18) Figures 3 and 5 ). Monomers are visible in Figure 3A and 3B, lane 3. However, salt treatment decreased the monomeric forms of Hik2 ( Figure 4B , lane 4). Interestingly, unlike the histidine kinases CheA (7), DcuS (1), ArcB (8, 9), and RegB (2) the dimeric form of Hik2 was not detected, indicating that higher order oligomers are the stable forms. Furthermore, the higher order oligomeric states of Hik2 were functionally active ( Figure 4A ). Treatment of Hik2 with NaCl converted the monomer, hexamer and octamer into the tetramer ( Figure 4B , lane 4, and Figure   5 ). Results obtained from crosslinking ( Figure 4 ) and size exclusion chromatography ( Figure 5 ) indicate that the inactivation mechanism of Hik2 involves the conversion of the higher order oligomers into the tetramer. What remains to be clarified, however, is how it is possible that tetramers in Hik2 samples that were not treated with NaCl exhibit autokinase activity, suggesting that these tetramers are structurally different from the inactive tetramers that form at elevated NaCl concentrations.
The sensor domain of histidine kinases is usually required to detect signals, the exception being EnvZ, which was shown to receive signal through its DHp domain (23). It is therefore likely that Hik2 employs a DHp-based signal perception mechanism for its salt sensing activity. We tested this possibility using three different variants of the Hik2 protein. Our result showed that the truncated forms of Hik2, consisting of the core kinase domain or DHp domain alone, were both present as a higher order oligomer and that treatment with NaCl converted them into the lower form of oligomer. We conclude that that the salt sensing activity of Hik2 is confined to its DHp domain. In addition to salt, the GAF domain of Hik2, which is found in class I Hik2s, might be involved in perceiving additional signal(s) such as redox or it might bind small ligand(s) required to regulate its autophosphorylation (24). Indeed, the Hik2 homologue in higher plants has been shown to bind the PQ analogue DBMIB with a K d value similar to other quinone binding proteins (25); it also forms a quinone adduct (26). Hik2 is of special interest because of the presence of its homolog in all known cyanobacteria as well as in chloroplasts (Table 1 ). In eukaryotes Hik2 has been identified as Chloroplast Sensor Kinase (CSK) that is encoded in the nucleus and synthesized in the cytosol for post-translational import and processing in chloroplasts (11, 27) . CSK couples the redox state of the photosynthetic electron transport chain to chloroplast gene transcription by acting on plastid transcriptional regulators (25, 28). It will be important to determine whether the oligomerization that we propose as the basis of regulation by sodium ions is also a mechanism that extends to redox regulatory control of the activity of all Hik2 proteins, including CSK.
MATERIALS AND METHODS
Construction of recombinant plasmids.
Coding sequences were cloned using the primer pairs listed in Table 3 . These correspond to: the full-length Synechocystis sp. 
Figure 7
Structural heterogeneity of the Hik2 single particle TEM-derived dataset. The structural heterogeneity was revealed by relaxing the classification constraints, presenting all possible single particles automatically particle-picked from the micrographs as 600 characteristic views (class averages). Each boxed side of a single characteristic view represents 382 Å.
Figure 8
Classification of the Hik2 single particle TEM-derived dataset. After 4 rounds of iterative refinements, the dataset was classified into 100 characteristic views (class averages). These views were re-ordered by visual inspection into oligomers of increasing diameter. Statistical analysis of this classification (see Table 2 ) revealed that these views represent 11,371 particles, which were subsequently attributed to oligomers ranging from monomers through to double-trimers (hexamers), and stacked/double tetramers (octamers). The side of each box, within which individual characteristic views are floated, represents 382 Å in length, thus a typical monomer is ∼80 Å in diameter and the largest views are ∼180 Å in long axis. The Synechocystis sp. PCC 6803 Hik2 monomer has a molecular mass of ~50 kDa.
Protein is white, stain black. The scale bar is 10 nm.
Figure 10
Proposal for a Hik2-based signal transduction pathway in cyanobacteria. The hexameric form of Hik2 is autokinase active and the oligomeric state of Hik2 is regulated by signals from Na + and the photosynthetic electron transport chain. The active hexameric form of Hik2 is converted to an inactive tetramer upon salt stress.
Species
Domain architecture of Hik2
Full-length Truncated 
Nostoc punctiforme PCC 73102
Nostoc sp PCC 7120
Cyanobacterium UCYN-A
Cylindrospermopsis raciborskii_CS-505
Microcoleus chthonoplastes PCC 7420
Microcoleus vaginatus FGP-2
Microcystis aeruginosa NIES-843
Raphidiopsis brookii D9
Moorea product 3L
Nodularia spumigena CCY9414
Anabaena variabilis ATCC 29413
Nostoc azollae 0708
Arthrospira maxima CS-328
Arthrospira maxima CS-328 
